The electronic properties of monolayer graphene grown epitaxially on SiC(0001) are known to be highly sensitive to the presence of NO 2 molecules. The presence of small areas of bilayer graphene, on the other hand, considerably reduces the overall sensitivity of the surface. We investigate how NO 2 molecules interact with monolayer and bilayer graphene, both free-standing and on a SiC(0001) substrate. We show that it is necessary to explicitly include the effect of the substrate in order to reproduce the experimental results. When monolayer graphene is present on SiC, there is a large charge transfer from the interface between the buffer layer and the SiC substrate to the molecule. As a result, the surface work function increases by 0.9 eV after molecular adsorption. A graphene bilayer is more effective at screening this interfacial charge, and so the charge transfer and change in work function after NO 2 adsorption is much smaller.
I. INTRODUCTION
The unique electronic structure of graphene, consisting of linearly dispersing bands around the Dirac point, make it exceptionally sensitive to the adsorption and desorption of molecules which modify its charge carrier density. This, combined with its two-dimensional nature and high carrier mobility, make it an ideal candidate for gas sensing applications. Resistance measurements provide a highly sensitive means of determining the presence of molecular adsorbants on a graphene surface. Ensuring selectivity towards a particular molecule is more challenging, but can be achieved by functionalizing the surface with metallic dopants [1, 2] or by analyzing the low-frequency noise after molecular adsorption [3] . Graphene-based NO 2 sensors have been shown to detect concentrations below 1 part per billion (ppb) [4, 5] . This ability is imperative as frequent exposure to NO 2 concentrations above the air quality standard of 53 ppb can cause severe damage to the human respiratory system.
While the highest carrier mobilities have been found for suspended graphene samples, they are generally not well suited to device applications. Instead, graphene must be either grown or deposited on a supporting substrate-ideally one that is compatible with Si-based technologies, such as SiO 2 or SiC. However, the interaction between graphene and a substrate can have a significant influence on both the structural and electronic properties of graphene and any material adsorbed or deposited on it [6, 7] . The choice of substrate has already been shown to determine the adsorption site of single transition metal adatoms deposited on graphene, and hence their electronic and magnetic properties [8] . If the substrate also plays an important role in the interaction between more weakly interacting molecules and graphene, it could have important implications for graphene-based gas sensors.
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The thermal decomposition of SiC (0001) is one of the most promising methods of producing graphene on a scale required for industrial applications. At sufficiently high temperatures, Si atoms sublimate from the surface, leaving behind a carbon-rich surface which undergoes graphitization. The first carbon layer to form is covalently bonded to the SiC substrate, and does not display the electronic features characteristic of graphene. Subsequent carbon layers are strongly n doped due to the influence of this carbon buffer layer [9, 10, 10, 11] . There have been several successful experimental studies of using graphene grown on SiC as a NO 2 sensor [3, 4, [12] [13] [14] [15] [16] . At sufficiently high concentrations of NO 2 , an n to p type shift of the graphene layer was found [4, 12, 14] . The influence of the substrate on the sensing capability of the graphene surface has also being investigated experimentally. Iezhokin et al. showed that, by intercalating hydrogen atoms at the interface between SiC and graphene and thereby decoupling the buffer layer, a sixfold increase in the sensitivity of graphene to NO 2 was achieved [7] . However, it is not clear how much of this increased sensitivity is due to the changing electronic interaction at the interface, and how much is due to the unavoidable increase in defects in the decoupled graphene layer.
A further complication is introduced by the presence of different graphene thicknesses on the SiC surface. Although improvements are constantly being achieved in this area, most epitaxial graphene samples contain up to 5% bilayer coverage on an otherwise uniform monolayer sample [15] . This can have unintended consequences on the efficiency of the sensing device. Several experimental studies have attempted to elucidate the difference in response between monolayer and bilayer graphene on SiC when exposed to NO 2 and found that the presence of bilayer graphene significantly reduces the sensitivity of their devices [17, 18] .
Theoretical studies have shown that NO 2 behaves as a strong charge acceptor when adsorbed on free-standing monolayer graphene [19] [20] [21] , in agreement with experiment. However, the effect of the substrate and the origin of the thickness dependent sensitivity have not been explicitly considered. Here, we determine the interaction between NO 2 molecules and both free-standing monolayer graphene and monolayer graphene on a SiC(0001) substrate. We show how the graphene reactivity depends on the presence of the substrate and that agreement with experiment can only be achieved by including its effect. We also examine the differences between monolayer and bilayer graphene with respect to molecular adsorption.
II. METHODOLOGY
Density functional theory (DFT) calculations are performed using VASP-5.3 [22] [23] [24] . The Perdew-Burke-Ernzerhof (PBE) [25] generalized gradient approximation (GGA) is employed. The DFT-D3 Grimme method [26] is used to include van der Waals interactions. The plane wave basis set is converged using an 800 eV energy cutoff. Structural relaxations of the cell are carried out using a 9 × 9 × 1 k-point Monkhorst-Pack mesh [27] to sample the three-dimensional Brillouin zone. A 21 × 21 × 1 mesh was then used to determine the total energies.
The SiC(0001) substrate is modeled using an asymmetric slab consisting of four bilayers of SiC(0001). The experimentally determined (6
• carbon buffer layer (also known as zero layer graphene or ZLG) [28] [29] [30] [31] is modeled using a simplified
• cell, which has previously been shown to adequately describe the interaction between the SiC substrate and subsequent graphene layers [32] [33] [34] . A vacuum layer of at least 17Å is included in the direction normal to the surface to electronically decouple neighboring slabs and the dipole correction is applied [35, 36] . The dangling C bonds on the SiC(0001) surface are passivated with H atoms. The positions of the top two bilayers of SiC(0001), as well as the H-terminating atoms, the molecular atoms, and all carbon layers, are optimized until all residual forces are less than 0.01 eVÅ −1 . The remaining atoms are held fixed at their bulk positions.
We consider the adsorption of a NO 2 molecule on both free-standing monolayer and bilayer graphene as well as monolayer and bilayer graphene on SiC(0001) using a 2 × 2 unit cell. In the following, we refer to free-standing monolayer and bilayer graphene as 1LG and 2LG, respectively, and monolayer and bilayer graphene on SiC(0001) as 1LG/SiC and 2LG/SiC, respectively. Furthermore, we assume the freestanding graphene layers have the same in-plane strain as they have on SiC, in order to eliminate all differences that originate in changing the strain. We choose a very dense concentration of molecules, corresponding to one NO 2 molecule on a 2 × 2 graphene sheet, i.e., one NO 2 molecule per eight surface carbon atoms, in order to determine whether or not NO 2 is alone capable of generating the n-p transition observed in graphene [12, 14] .
III. RESULTS
In the following section, we discuss our results for NO 2 adsorbed on 1LG, 1LG/SiC, 2LG, and 2LG/SiC in turn.
A. Free-standing monolayer
In agreement with previous DFT calculations, we find that the energetically favorable configuration of NO 2 on 1LG is that of cycloaddition, i.e., bonding via both oxygen ends, on a bridge site [19, 37] . It is adsorbed at an average height of 3.34Å from the graphene plane [38] . The adsorption energy E a is calculated as
where E comb is the total energy of the combined system, E sur is the energy of the clean surface, and E mol is the energy of an isolated NO 2 molecule. Thus, negative values of E a imply a stable adsorption. We find an adsorption energy of −108 meV for NO 2 adsorbed on 1LG. The low adsorption energy suggests that NO 2 is physisorbed on the graphene surface, in agreement with Raman spectroscopy experiments [39] . This value is considerably smaller than that extracted from thermal desorption spectra of 0.4 eV [40, 41] . The high experimental binding energy could be explained by the existence of defects in the graphene layer [42] or the presence of other, unknown, species on the surface [39] . Another possibility is that ripples or ridges are present on the graphene surface [17, 43] . These could introduce an sp 3 character to graphene which would in turn influence the molecular binding strength.
NO 2 is a paramagnetic molecule, with a magnetic moment of 1μ B in the gas phase. When adsorbed on 1LG, the total moment is reduced to 0.97μ B , with the majority of this located on the molecule itself, and 0.005μ B located on each of the C atoms directly underneath the molecule. As discussed by Leenaerts et al. [44] , the change in magnetic moment can be a useful indication of charge transfer. Bader analysis [45] shows that 0.05e is transferred from graphene to the molecule. This is in agreement with previous DFT calculations [19] and angle-resolved photoemission spectroscopy (ARPES) experiments showing that NO 2 acts as a strong charge acceptor despite its relatively weak binding to the graphene surface [12] . Crowther et al. find that 0.012e per C atom is transferred to NO 2 monolayers adsorbed on both sides of an isolated graphene sheet, using a Langmuir adsorption isotherm [39] . This is in good agreement with our calculations which have eight C atoms per unit cell and molecular adsorption on only one side of the graphene layer. We note that the charge transfer per molecule will depend on the NO 2 concentration [44] . We find that 0.09e is transferred to an NO 2 molecule adsorbed on a 4 × 4 graphene supercell, with an associated decrease in the total magnetic moment to 0.92μ B . Figure 1 shows the planar average of the charge density difference (CDD) across the unit cell due to the adsorbed molecule. The CDD is defined as ρ = ρ comb − (ρ sur + ρ mol ), where ρ comb , ρ sur , and ρ mol are the charge densities of the final system, the initial system that includes only the surface, and an isolated NO 2 molecule, respectively. It is clear that the charge redistribution is localized primarily at the interface between graphene and the molecule. When NO 2 is adsorbed on 1LG, charge is extracted from a spatial region just above the graphene layer, corresponding to the π orbital. This charge is transferred to NO 2 , and in particular to the oxygen orbitals facing the graphene sheet, with a smaller amount located on the N atom.
Scanning Kelvin probe microscopy (SKPM) experiments have consistently shown that graphene experiences a large shift in surface potential, and hence work function, after molecular adsorption [17, 18] . This shift depends on the graphene thickness, and can be used as a useful tool to estimate the substrate induced doping of graphene layers. The work function, = eV vacuum − E F , is obtained by calculating the planar average of the electrostatic potential across the supercell and taking the vacuum potential V vacuum sufficiently far from the surface along the surface normal direction. We find that the work function of 1LG increases by 0.29 eV after NO 2 adsorption, from 5.18 to 5.47 eV.
This modification to the surface work function has two main contributions [46] [47] [48] : (i) the intrinsic dipole moment of the molecules, and (ii) an induced interfacial dipole that originates in the charge redistribution after adsorption. It can be written as
where V mol is the change in the electrostatic potential across the isolated molecular layer induced by their intrinsic dipole moment and bond is the change in work function induced by a dipole created by the interaction between the molecule and the surface. By definition, this latter term includes contributions from bond formation, charge transfer, structural changes in both the molecule and graphene due to their interaction, dipole image creation, etc. The former term, V mol , can be determined by calculating the step in the planar average of the macroscopic electrostatic potential across the molecular layer, in the same configuration as it is adsorbed on the graphene surface. We find V mol to be −0.37 eV. The magnitude of the associated dipole can be estimated using the
Electronic structure of (a) the 1LG structure after NO 2 adsorption and (b) the 1LG/SiC structure after NO 2 adsorption. In both cases the in-plane unit cell corresponds to that of 2 × 2 graphene. The NO 2 and graphene character of the bands has been determined by projecting onto the atomic orbitals of the respective atoms. For bands with graphene character, the band thickness represents the magnitude of the overlap.
Helmholtz equation
where q e is the electron charge, 0 is the vacuum permittivity, μ mol is the molecular dipole, and A is the surface area. This corresponds to a dipole moment of 0.24 D directed away from the surface, in reasonable agreement with the experimentally determined NO 2 dipole moment of 0.32 D pointing from the oxygen atoms to the nitrogen atom [49] . We note that at very high molecular concentration, there may be a depolarization effect that reduces the molecular dipole. We find that reducing the concentration of molecules by a factor of 4 reduces the dipole moment by only 0.01 D and so can be neglected. Using Eq. (2), the change in work function that can then be attributed to a charge transfer is 0.65 eV. According to the Helmholtz equation this corresponds to a dipole of 0.43 D pointing towards the surface, as expected from the charge accepting behavior of NO 2 , and opposing that of mol . Although quite a crude approximation, this dipole moment corresponds to charge transfer Q of 0.05e over a distance d of 3.34Å, using μ = Q d, in good agreement with the charge transfer calculated using the Bader method.
The resulting band structure is shown in Fig. 2(a) . The p doping of the graphene layer by NO 2 is evident by the position of the Dirac point 0.28 eV above the Fermi level. A Fermi level shift of 0.83 eV was measured using ARPES when NO 2 was adsorbed on both sides of a free-standing graphene sheet [39] . If we assume the two molecular layers do not interact, it is a reasonable assumption that a single molecular layer will shift the Fermi level by 0.42 eV, in relatively good agreement with the theoretical result. The lowest unoccupied molecular orbital (LUMO) is pinned at the Fermi level and is negatively spin polarized. The corresponding spin-split orbital comprises the highest occupied molecular orbital (HOMO) and can be found 1.2 eV below the Fermi level, in agreement with Ref. [19] .
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Dimers
It is possible that both monomers and dimers of NO 2 are present on the graphene surface [20] . We find that the most energetically favorable orientation of a dimer on graphene is that with the molecular plane, and N = N bond, normal to the surface. This is very similar to the experimentally determined geometry of NO 2 dimers on graphite [40, 50] . The N 2 O 4 molecules interact only very weakly with the surface, with a charge transfer of 0.01e from graphene to the molecule. The work function of the surface increases to 5.00 eV after dimer adsorption; this should be compared to 5.18 eV after monomer adsorption. In agreement with Ref. [20] , we find that the HOMO of the dimer is located 2.6 eV below the Dirac point and so does not facilitate any doping of the graphene layer. This is corroborated by the calculated band structure, which positions the Dirac point at the Fermi level (not shown). From this we can conclude that the creation of N 2 O 4 on the surface cannot account for the switch to p doping of graphene when exposed to NO 2 .
B. Monolayer on SiC
We now consider how the interaction of the graphene monolayer with a SiC substrate affects the reactivity of this surface to an NO 2 molecule. We first note that SiC does not influence the binding position or binding height of the molecule from the graphene layer. Despite this, the adsorption energy increases dramatically from −108 to −154 meV. The work function also increases compared to that of NO 2 on 1LG, by 0.14 eV, to 5.32 eV. Given that the intrinsic molecular moment has not changed, this increase in work function must be driven by an increased charge transfer when the SiC substrate is present [see Eq. (2)]. Indeed, Bader analysis shows that 0.08e is transferred from graphene to the molecule, compared to 0.05e on 1LG. The increase in charge transfer is also evident by the decrease in the molecular magnetic moment, from 0.97μ B to 0.90 μ B . The influence of the SiC substrate on the charge transferred to the molecule can be seen in Fig. 1 . Compared to the case of NO 2 on free-standing graphene, it is clear that there is a dramatic increase in the magnitude of charge transfer when the SiC substrate is taken into account.
The clean graphene layer on SiC is strongly n doped, with the experimental Dirac point located 0.45 eV below the Fermi level [10] . The band structure associated with NO 2 adsorbed on this 1LG/SiC surface is shown in Fig. 2(b) . The Dirac point is now shifted 0.24 eV back towards the Fermi level, i.e., by an amount very similar to that on free-standing graphene. Nonetheless, the Dirac point remains below the Fermi level; it appears that even at this high concentration, the adsorption of NO 2 on 1LG/SiC cannot account for the n-p transition observed experimentally. We note, however, that for the sample considered in Ref. [12] where an n-p transition was observed, the Dirac point for the clean surface was located only 0.3 eV below the Fermi level. In this case, an n-p transition is more likely with a sufficiently high concentration of adsorbed NO 2 . Details of the differing reaction of 1LG and 1LG/SiC to the presence of NO 2 molecules are summarized in Table I . We now consider the interaction between NO 2 and freestanding bilayer graphene (2LG). As NO 2 is not found to intercalate between the two graphene layers at low values of temperature and pressure [39] , we consider here only adsorption on one side of the bilayer.
The binding energy of NO 2 on 2LG is found to be −114 meV, a value very similar to that on 1LG (−108 meV). Similarly, the total magnetic moment of the system is 0.98 μ B , close to that found on 1LG, which would suggest that the same amount of charge is transferred from 2LG to NO 2 . This is reflected in the Bader charges which show that 0.05e is transferred from 2LG to NO 2 . The majority of this charge (0.04e) is transferred from the graphene layer nearest the molecule. This is shown more clearly in Fig. 1 . When NO 2 is adsorbed on a 2LG, the magnitude of the charge transfer is slightly greater compared to when it adsorbs on 1LG. The charge rearrangement on the lower graphene layer, i.e., the one not in contact with the NO 2 molecule, is smaller. Combined, these results suggest that 1LG and 2LG have a very similar reactivity to NO 2 . As a result, the work function of bilayer graphene after NO 2 adsorption is the same as that for monolayer graphene-an increase of approximately 0.26 eV over the clean 2LG surface.
The band structure is shown in Fig. 3(a) . The Dirac point after NO 2 adsorption is found to be located 0.18 eV above the Fermi level. This shift is smaller than that found after adsorption on 1LG (0.28 eV). Furthermore, a small band gap of approximately 80 meV opens due to the asymmetric doping of the bilayer by the NO 2 molecules.
Despite the differing electronic structure of 1LG and 2LG close to the Fermi level, namely, linear dispersion compared to parabolic dispersion, the interaction with NO 2 is very similar. Yet experiment has generally found that monolayer graphene on SiC has a considerably higher reactivity than bilayer graphene. We discuss next how the interaction of bilayer graphene with the SiC substrate changes its interaction with NO 2 .
D. Bilayer on SiC
SKPM measurements have shown that 2LG/SiC exhibits a smaller shift in surface potential, and hence work function, upon exposure to NO 2 that 1LG/SiC [17, 18] . We calculate a work function of 5.26 eV when NO 2 is adsorbed on 2LG/SiC,
Electronic structure of (a) the free-standing 2LG structure after NO 2 adsorption and (b) the 2LG/SiC structure after NO 2 adsorption. As in Fig. 2 , the NO 2 and graphene character of the bands has been determined by projecting onto the atomic orbitals of the respective atoms. For bands with graphene character, the band thickness represents the magnitude of the overlap.
i.e., an increase of 0.64 eV over the clean surface. In agreement with experiment, we find that this is a smaller change compared to 1LG/SiC where the change in work function after NO 2 adsorption is 0.91 eV. As the intrinsic dipole associated with the adsorbed molecules is the same for those adsorbed on 1LG/SiC and 2LG/SiC at the same concentration, the change in work function must be related entirely to the reduced charge transfer found for the 2LG/SiC system compared to the 1LG/SiC system. This can be seen in Fig. 1 . The top carbon layer screens the charge associated with the ZLG/SiC interface, thereby reducing the electrostatic interaction between the molecules and the surface. As a result, the effectiveness of the molecular interaction on 2LG/SiC is reduced compared to 1LG/SiC. Experiment has also found that the Fermi level coincides with the charge neutrality point in a shorter time when NO 2 is adsorbed on 2LG/SiC than on 1LG/SiC [18] . This demonstrates a rapid change in the charge carrier concentration for 2LG/SiC. It was suggested that either more NO 2 is adsorbed on 2LG/SiC than on 1LG/SiC or that 2LG/SiC transfers more charge to NO 2 than 1LG/SiC. To address the former, we determined the binding energy of NO 2 on the 2LG/SiC surface to be −0.132 eV, a decrease of 22 meV compared to the 1LG/SiC case. This would make it unlikely that more NO 2 is adsorbed on the 2LG/SiC surface. As for the latter, we have shown that the charge transfer from NO 2 is greater for the 1LG/SiC case. A third possibility could be that the combined effect of substrate and molecular doping introduces a large asymmetry across the graphene bilayer. This would open a sizable band gap which could result in the system reaching the charge neutrality point quicker for the 2LG/SiC system. To address this, we show the band structure associated with this configuration in Fig. 3(b) . The effect of NO 2 on the clean 2LG/SiC system is to shift the Dirac point by 0.19 eV closer to the Fermi energy. This is a slightly smaller shift compared to that induced by NO 2 on 1LG/SiC, which shifts the position of the Dirac point by 0.24 eV. However, the asymmetry induced by both the SiC substrate and the adsorbed molecules on the bilayer of graphene is very evident in the large band gap of 0.24 eV that opens at the Dirac point and the associated "wizard hat" structure. In comparison, the gap that opens due to the asymmetry introduced by the molecules alone is 0.08 eV. A summary of the results related to the interaction between NO 2 and bilayer graphene is given in Table II .
IV. CONCLUSIONS
In conclusion, we investigated how NO 2 molecules interact with monolayer and bilayer graphene, both free-standing and on a SiC(0001) substrate. We demonstrate that explicitly including the substrate is necessary in order to reproduce experimental results. We find that the presence of NO 2 increases the work function by approximately 0.3 eV for both free-standing monolayer and bilayer graphene. When the SiC substrate is included, NO 2 increases the work function by 0.9 eV when adsorbed on monolayer graphene but only by 0.64 eV on bilayer graphene. This can be related to the increase in charge transferred to the molecule from the substrate. This increased charge transfer results in a large induced dipole and hence an increase in work function. As the bilayer system is more efficient at screening the buildup of charge at the interface, the induced dipole due to charge transfer is smaller. Therefore, we find that the large reactivity of the monolayer graphene to NO 2 is due to the effect of the SiC substrate. Any investigation of NO 2 gas sensors based on graphene grown on SiC must take the effect of the substrate into account. 
